Abstract. This paper studies the optimal design of piezoelectric actuators for suppressing noise transmission of a vibration plate. The optimal placement of the actuators to reduce the global noise levels is still a significant design problem, especially placement limited to discrete locations. With the increase of the alternative locations and number of actuators, a large number of placement possibilities exist. These multi-dimensional nonlinear problems are very difficult for traditional optimization methods. In this paper, genetic algorithms have introduced to solve the problem of optimal discrete placement of piezoelectric patches. In order to improve the diversity of the population, a new selection factor is presented that is based on immune diversity, which is dependent on the string denseness and its function value. The survivor probability of the string with higher denseness will be reduced. Several cases for a simple supported plate under different load conditions show that the improved algorithms are efficient.
Introduction
In recent years, a significant amount of work has been carried out in developing the concept of active structural acoustic control to reduce the low-frequency sound level of beams, plates, motor vehicles and propellers, etc. Piezoelectric actuators are often adopted to produce a second sound field to suppress the existing primary noise field as they are light weight, low cost and easily embedded in structures or bonded onto surfaces. However, the levels of global noise reduction produced are dependent on locating the control sources and error sensors optimally. Therefore, how to obtain the optimal design of piezoelectric actuators, such as their voltages, the placement of actuators is a focus.
In the optimal design of active structural acoustic control, various analytical methods have been developed. Lammering et al [1] proposed an optimal placement strategy developed in conjunction with the independent mode space control method. By use of the electric potentials to minimize the control effort, the optimal actuator placements of truss structures are calculated. Clark et al [2] proposed an algorithm for choosing the optimal actuators/sensors configuration for controlling sound from a baffled, simplysupported plate. They gave the results for comparison between the theoretical model and measurement in the laboratory. However, the optimal method is necessary to solve the linear quadratic optimal control as well as the nonlinear optimization algorithm. Varadan et al [3] adopted a gradient-based method in order to study the optimal placement and size of disk-shaped piezoelectric actuators to reduce the radiated sound. However, this method requires calculating the gradient of the objectives. These existing search techniques are incapable of reliably finding a global optimum amongst many local optima, especially for large multiple actuators placement problems. Moreover, it is difficult for the existing methods to deal with the situation when placement of piezoelectric actuators is limited to discrete locations. The need for more novel and efficient search methods to optimize the control actuator placement at discrete locations is apparent.
Genetic algorithms (GAs) [4] have recently been recognized as a promising tool for numerical optimization of structural design problem. These algorithms, as presented by Holland, make use of the principles of natural selection for dealing with complex nonlinear problems. Different codes are used to represent the design variables. Thus it is easy to deal with float, integer and 0/1 variables. Many examples show GAs have outperformed classical optimization methods. At present, GAs have been applied to the problem of loud-speaker placement in aircraft interiors for minimizing the interior noise level. Simpson and Hansen [5] studied the genetic optimization of vibration actuator placement for minimizing sound transmission into enclosed spaces. Wang [6] used GAs to obtain the optimal locations of actuators and error phones in reducing noise level of a beam. Rattle and Berry [7] use genetic algorithms for the vibroacoustic optimization of a plate carrying point masses.
However, simple GAs are very easy to lead to premature convergence, especially in multi-dimensional nonlinear optimization problems. In order to overcome this shortcoming, it is necessary to improve the diversity of the strings in the population. In this paper, using the principle of removing antigens by producing large amounts of different antibodies in the natural immune system, a new immune diversity is used to control diversity of the genetic population. Thus it is possible to avoid convergence to local optima. The improved GAs are then applied to the problem of optimizing the levels of active noise reduction in a supported thin plane. The placement of piezoelectric patches limited to discrete locations is considered here.
GAs with immune diversity

GAs
The GAs represent a simple, yet powerful, search method for optimization problems that are not readily solved by existing search techniques. The method is based on the principles of natural selection and genetics to provide a robust and efficient guided search algorithm. The procedure of simple GAs for solving an optimization problem can be depicted as follows.
(1) All the design variables of the optimal problem are encoded as a finite length string. The fitness of the string, which provides a numerical measure of the string performance, is assigned to it by an objective function. The total number of strings in the population is the population size. (2) To initiate the population and also the calculation of each string's fitness. (3) Selection, crossover and mutation.
The purpose of the selection operator is to choose, from among the population, a pair of parents to be bred together in order to create an offspring. The average fitness of the population from one generation to another is expected to increase. Crossover consists of a genetic recombination of the two parents in order to create a new individual that shares characteristics of both parents. The mutation operator is equivalent to introducing errors into the transmission of genetic information from one generation to another, which is a way to avoid population convergence to a local optima.
In some cases, such as in multi-dimensional nonlinear functions, where the objective value is highly irregular with many different sharp peaks, simple GAs are very easily run into a local optimum. In order to avoid these situations, many methods such as linear scale and rank selection, etc are used to give an alternative formulation of a selection factor instead of using the function value. However, most of these methods only use the function value to produce a selection factor, such as rank selection. Its population is first classified with respect to the fitness value of each individual, and a new fitness value proportional to its rank in the classification is attributed to each individual. In this paper, a new idea is adopted with the immune diversity obtaining the selection factor that depends on the string denseness and its function value.
Immune diversity
In nature, when an invading antigen has an effect on the body, a large amount of antibodies will be produced to remove the antigen. The principle of the antigen to be removed is very complicated and interesting. Each antibody needs to match with the antigen. Eventually the antibodies can enclose the antigen and remove it. The affinity is used to reveal the kinsmanship between the two antibodies. The greater the diversity of the antibodies, the greater the possibility that the antigen will be removed quickly. In the GAs, the strings of population are defined as antibodies. The affinity between the strings are described as follows [8] .
The affinity ay v,w between string v and string w is defined as
where H (2) is the entropy information of string v and string w, illustrated in figure 1. The entropy information H j (N ) of gene j of any string is defined as
where p ij is probability of the number inverse gene i existing in location of gene j , S is the number of antinomy genes.
The average entropy information H (N) of the population is
which is a scale for checking the diversity of the population. M is number of string genes. The selection factor is the fitness of the string v in the mating pool that can be defined as follows:
where ax v is the value of objective function, c v is the concentration of the string v, which can be calculated as follows:
where T ac1 is given as a constant parameter. From (4), one can conclude that the higher the denseness c v of the string v, the survivor probability in the next generation will reduce. Of course, the larger the fitness of ax v , the survivor probability in the next generation is also high. The selection factor will improve the diversity of the population, which is beneficial in order to obtain the global optimal results.
Application of GAs with immune diversity for piezoelectric optimal design in a simply-supported plate
In this section, the vibrationacoustic behavior of a simplysupported thin plate is considered. Assume that a harmonic point force F exp(jωt) or an incidence plane wave (P ,θ,φ) is a primary noise source and the plate carries piezoelectric patches to control the sound level. The system considered is illustrated in figure 2 . The vibratory response and sound radiation in the half-space is considered, under the hypotheses of infinite baffle and negligible fluid loading. Thus, the vibroacoustic response of a plate carrying piezoelectric patches can be obtained [9] . If one views the point force excitation as the primary source of sound and N a piezopatches as the control sources, the total acoustic pressure, P t , is partitioned into two parts, i.e.
where, P f is the radiated acoustic pressure in the far field for the point force excitation and P c is the piezopatches' excitation, A i is the sound-pressure distribution function that is independent of the voltage V i applied to piezoelectric actuators and written as
Optimal voltages of piezoelectric patches at given locations
For the given locations, sizes and number of actuators, the control of an acoustic field can be achieved by appropriately choosing the design parameters, the piezoelectric voltages V i , to minimize the total radiated acoustic power into the far field. The objective function chosen is the total acoustic power radiated by a vibrating plate, which is the integral of the acoustic intensity over a hemisphere of radius R(R max(L x , L y )), and can be written with acoustic pressure as
where ρ 0 and c 0 are the mass density of air and the speed of sound in air, respectively. Substituting (7) into (9) leads to an explicitly quadratic objective function. The optimal control parameters are calculated by a conventional minimization procedure for the quadratic function.
To this end, one can rewrite (7) into a vector form as
where
Then
Thus, the objective function can be written in matrix form as
If the voltages applied to the actuators are not limited, i.e. the minimization for the quadratic objective function is free constrained, the optimal control parameters can be readily obtained as
The same procedure can be derived to obtain the optimal voltage of piezoelectric patches under plane wave excitation. 
The piezoelectric optimal placement at discrete locations using GA with immune diversity
When the piezoelectric patches locate at discrete locations, the optimal placement of the patches is determined by GA with immune diversity. The application of the GAs to optimize the locations of piezoelectric patches requires an effective measure to indicate the relative performance of a particular actuator configuration. The reduction of the total acoustic potential energy minimization is used for this purpose, which is defined as an objective function, depicted as follows:
where J is the cost function; x a and V a are the placement and voltage of the piezoelectric patches, respectively; and 0 is the acoustic primary power. The variables x a and V a are subject to the constraints x a ∈ X a (20)
where X a are discrete subsets of the domain of the structure and x a is limited to integers. In the genetic search, the strings of the variables are encoded as the binary coding or integer coding; but integer coding is more convenient and concise when a large number of the piezoelectric patches and possibilities of locations exist. Another multi-variable binary coding method based on integer coding is used in this paper. A coding of this type has been applied to an actuator placement problem in which four actuators were optimally placed among 128 candidate locations on a cylinder with floor structure [5] . The crossover and mutation operator is referred to literature [5, 10] .
Numerical examples
The whole optimal program was written in Fortran 77. The physical properties of the plate, piezoelectric patch and air are listed in tables 1 and 2. The optimal process is to control two kinds of primary source, the point force of F = 1 N located at point (0.336 m, 0.15 m) and one harmonic incident plane wave with input parameters,θ = 45
• ,φ = 0 • and P = 10 N m −2 . Table 3 shows the natural frequencies of the simply-supported plate for modes (m = 5, n = 5). The value of the objective function is the reduction of the total radiated power (watts) represented by a decibel scale with the reference of 10 −12 W in intensity. The plate surface is divided into a 10 × 10 mesh. The placement of the piezoelectric patches is limited to 100 discrete locations. The location number of each patch (in the range: [0-99]) is converted into its 7 bit binary number equivalent. Additional checks are performed during crossover and mutation operation to ensure that each binary number produced does not produce an equivalent integer value outside the range [0-99]. The parameters of GA with immune diversity is P c = 0.6, P m = 0.01, T ac1 = 0.3, population size = 40 when the number of piezoelectric patches does not exceed five.
It is well known that the radiated noise can be easily reduced at resonance frequency. To clarify the efficiency of using GA with immune diversity, the examples are focused on the response at resonance excitation frequencies.
Optimal design at f = 87 Hz near the (1,1) mode
First, a single patch is used to control the sound level. Thus, there only exist 100 possibilities for the placement of the patch. The optimal location of the patch can be obtained faster to control two primary sources. Optimal location (7, 6 ) is for a point force, and (5,5) for a plane wave. The primary acoustic powers are 94.46 and 99.71 dB respectively before control and reduce to 15.89 and 27.49 dB after using optimal control voltages, the amount of reduction being 78.57 and 72.22 dB. Then, the mode (1,1) is well controlled under two different acoustic conditions and the optimal actuator locations are near to the center of the plate.
If using two patches, the possibilities of the placement will increase to 4950. Figure 3 is the history of a genetic search. GAs with immune diversity converge at 12 generations, which are faster than the simple GAs with rank selection. The optimal location for a point force is at (7, 6) , which requires a voltage of 98.3056 V, another is at (6,10), voltage 63.9304 V. The acoustic power level is reduced to 0 dB, which is better than with just one patch. The optimal locations for a plane wave are at (6, 5) and (2, 3) . The acoustic power is 5.7846 dB. Figure 4 represents the normal displacement distribution of a plate under no control, and figure 5 shows the displacements for the optimized configuration for the plane wave. The vibration of the plate is reduced significantly by optimally designing the placement and voltages of the piezoelectric patches. Figure 6 is the effect of number of piezoelectric patches on reducing the acoustic power under two different load cases at f = 190 Hz. When using two patches for a plane wave, the optimal location is at (8, 5) and (4, 6) , which are close to the peak of the plate displacement when the excitation frequency f = 190 Hz near the (2,1) mode. The acoustic power level is reduced to 33.7083 dB. With the increase in the number of piezoelectric patches, the more the acoustic power reduces. However, for point force, the reduction of the radiated power is not obvious when the number of patches exceeds two. The optimal placement distribution of using five patches is plotted in figure 7 . Figures 8 and 9 are the displacement distribution of a plate under no control and optimal control under a plane wave. The magnitude of displacement reduced after optimal control.
Optimal design at f = 190 Hz near the (2,1) mode
Optimal design at f = 351 Hz near the (2,2) mode
At last, at f = 351 Hz, the case considered now consists of determining the optimal positions of nine patches on the plate in order to demonstrate ability of GAs with immune diversity for a large amount of search space. Using K = 100 discrete positions, the problem of nine identical patches yields as many as 4.35 × 10 20 possibilities, making an exhaustive search impractical. For this reason, the nine-patch problem must be dealt with using a larger population. Values of 100 individuals were chosen. For the point force case, the acoustic power is 87.29 dB before control and reduces to 4.0 dB after control with genetic-immune algorithms compared to the 18.40 dB with simple genetic algorithms with rank selection. The search history is plotted in figure 10 . Figure 11 is the entropy information of the population of two algorithms. Compared to the simple GAs, the diversity of the population of genetic-immune is more than that of simple GAs during the search history, which is beneficial in order to obtain the global optimal results. The optimal patch number is nine, the distribution of which is shown in figure 12 . The attained optimal voltages are 17.8815 V at (6, 5) , 27.166 V at (7, 5) , 31.2193 V at (9,6), 30.1818 V at (4,10), 19.0374 V at (1,4), 7.08718 V at (6,1), 4.49341 V at (5,3), 90.8997 V at (10,1) and 17.1515 V at (9, 8) . Figure 13 is the global control effect (0-1000 Hz) using the optimal placement of the patches. It can conclude the noise level can be suppressed well. • is for simple GAs, • is for GAs with immune diversity.
The shaded cells denote overlapped patches for two load cases.
Conclusions
An efficient and robust GA search technique has been developed for optimizing piezoelectric actuator placement on a supported thin plate for the purposes of actively controlling acoustic noise levels. In the placement problem of nine actuators in this paper, an optimal solution was found after the GA for 5 × 10 3 function calls, while an exhaustive search Figure 13 . The global control effect (0-1000 Hz) using the optimal placement of the nine patches.
in this case requires about 4.35 × 10 20 function calls. After optimal control, the acoustic power is reduced to 4.0 dB from the primary 87.29 dB.
Sustaining population diversity was achieved by the implementation of a new selection factor with immune diversity. The new selection factor was determined on string denseness and its function value. The high denseness of the string will be restrained to reproduce its children. There exists no doubt that the operator enables the breeding opportunities to be distributed more to strings which have both high fitness values and very few similar strings in the breeding pool. Several cases demonstrate that compared to simple GAs with rank selection, it is easy to get the global optimal results with immune diversity. In closing, this work only represents an effort towards applying GAs to optimize the location of the piezoelectric patches for controlling acoustic noise, yet promising optimal locations and maximum acoustic power reduction. Many additional experimental works should be conducted in the future.
